We present a statistical analysis of 2201 electron microprobe determinations of Hf contents and Zr/Hf ratios in zircon from 65 samples of granitic rocks. The modal Hf content and modal Zr/Hf ratio of zircon taken from the data are 1.43 wt% HfO 2 and 38.5 respectively. Estimated partition coefficients are 2520 for D Zr and 2420 for D Hf between zircon and granitic magma. The large and similar Zr and Hf partition coefficients indicate that the crystallization of zircon would deplete the melt in both Zr and Hf, but would not cause significant fractionation of Zr from Hf. On the basis of the geochemical behaviour of Hf, granitic zircons can be divided into three types (early, late and hydrothermal zircon). Compared to the early zircon in granitic rocks, late-crystallizing zircon and especially hydrothermal zircon are characterized by much higher Hf contents and lower Zr/Hf, which can be explained by a change in D Hf with decreasing crystallization temperature. The behavior of Hf in granitic zircon may be used as geochemical indicator to track the origins and crystallization environments of the host magma.
and Hf in zircon. Many authors have reported a regular decrease in the Zr/Hf of zircon from magmatic rocks with progressing differentiation (Butler and Thompson, 1965; Brooks, 1970; Gbelsky, 1979) . However, there is a wide variation in the Zr/Hf of zircon from rocks of similar composition (Kosterin et al., 1958) , and an overlap in the Zr/ Hf ratios of zircon from rocks of different composition. Gulson (1969) and Broska et al. (1990) argued that there is no trend of decreasing Zr/Hf in zircon in the differentiation series extending from gabbros to diorites and granites.
In order to evaluate the petrogenetic significance of the Zr/Hf ratio of zircon, it is necessary to know the general distribution of Hf in zircon from magmatic rocks, and especially the variation in the partition coefficient of Hf (D Hf ) between zircon and melt. In this paper we present our accumulated data on the Hf contents and Zr/Hf ratios of granitic zircon, and some considerations about the geochemical behavior of Hf during the formation of granitic rocks.
INTRODUCTION
Zr and Hf are transition elements of Group IV A, having the same valence (+4) and very similar ionic radii (0.84 Å for Zr +4 and 0.83 Å for Hf +4 in octahedral coordination, Shannon, 1976) . Thus Zr and Hf have been considered to behave as "identical twins" during magmatic processes (Taylor and McLennan, 1985) , and it might be expected that the Zr/Hf ratio remains constant in a magma series (Linnen and Keppler, 2002) . However, several authors have noted that the Zr/Hf ratio decreases from gabbro to diorite to granitic rocks (Brooks, 1970; Condie and Lo, 1971; Cerny et al., 1985) . This decrease in Zr/Hf has been assumed to reflect an increasing degree of differentiation in a comagmatic sequence (e.g., Irber, 1999) .
Most of the Zr and Hf in typical granitic rocks resides in zircon (Degenhardt, 1957; Bau, 1996) , and the Zr/Hf ratio of the mineral is often considered to be close to the Zr/Hf ratio of the magma (Butler and Thompson, 1965; Owen, 1987) . Zircon is a ubiquitous resistant accessory mineral in crustal rocks, the Zr/Hf ratio of zircon has played an important role in petrogenetic research since the development of the electron microprobe technique, which can be used to precisely analyze the contents of Zr rich rocks due to its extremely low Gibbs free energy (Schuiling et al., 1976) or its extremely low solubility (e.g., Hanchar and Watson, 2003) . Consequently, Zr is present mainly in the form of zircon in most granitic rocks (Degenhardt, 1957) , and Hf, which always occurs together with Zr due to their identical behavior, is concentrated in zircon (Bau, 1996) .
If the ratio of ionic radii of two ions with the same valence is lower than 1.07, both may occur in a crystal in the form of a disordered complete solid solution (Goldschmidt, 1937) . Therefore, Hf theoretically can occupy the Zr-sites within the zircon structure since the ratio of ionic radii (Zr +4 /Hf +4 ) is 1.01 (Shannon, 1976) . In order to examine this prediction for the occurrence of Hf in natural zircon and to investigate the significance of the Zr/Hf of zircon for the petrogenesis of its host rocks, we have collated 2201 point analyses of the Hf content of granitic zircon, obtained by electron microprobe analysis, from 65 samples of granitic rocks.
The histograms of the HfO 2 contents (Fig. 1 ) and the Zr/Hf (Fig. 2 ) of zircon from these granitic rocks show a nearly normal distribution. The HfO 2 contents of granitic zircon range from 0.55 to 9.91 wt% with a mode of 1.43 wt% HfO 2 , a median of 1.48 wt% and a mean of 1.60 wt%. The Zr/Hf of granitic zircon ranges from 4.9 to 104.5 with a mode of 38.5, a median of 38.9, and a mean of 39.4. In both cases, the median and mode are indistinguishable and give the most "representative" value; the slightly higher values for the means reflect a small positive skewness (deviation from normal distribution) in the datasets. The range of HfO 2 contents in this dataset covers all previously published data about the distribution of Hf in magmatic zircon (Broska et al., 1990; Belousova et al., 2002) , and a statistical study based on these data should provide insights into the behaviour of Hf in the granitic rocks. On the basis of the above histograms, several observations can be made.
Similar D Zr and D Hf between zircon and granitic magma
Many of the rocks for which we have zircon analyses are not analysed for Zr or Hf contents. We therefore must compare our zircon data with mean Zr and Hf contents of equivalent rock suites; the wide range of compositions covered by the zircon data suggest that this indirect approach can yield valid results. The abundances of Zr and Hf in granitic rocks vary widely: 50-700 ppm Zr (Chao and Fleischer, 1960 ) and 1-100 ppm Hf (Erlank et al., 1978) . The mean abundances measured in rhyolites (166.5 ppm Zr and 4.5 ppm Hf, Ewart et al., 1968; 205 .2 ppm Zr and 5.4 ppm Hf, Zielinski et al., 1977) may be considered as representative for the mean Zr and Hf abundances in granitic rocks, and give Zr/Hf of 37 and 38 respectively. Both values are very close to the average Zr/Hf of 39 for granitic rocks (n = 327) reported by Erlank et al. (1978) . Brooks (1970) also concluded that the Zr/Hf of most crustal rocks is very close to 37. The above values are also very close to our modal Zr/Hf of 38.5 in zircon from the granitic rocks that we have studied. This suggests that D Zr ≈ D Hf for zircon crystallizing from granitic magmas.
If D Zr ≈ D Hf between zircon and granitic magma, the crystallization of zircon will not lead to fractionation between Zr and Hf as confirmed in alkaline or depolymerized melts by Linnen and Keppler (2002) . Therefore, it might be expected that the Zr/Hf ratio in a single magma series should be approximately constant, and unrelated to the degree of differentiation of magmatic rocks. In reality, a near-constant Zr/Hf has been observed in many magmatic suites (Dostal and Chatterjee, 1995; Bryant et al., 1997; Hauri and Hart, 1997) . During the evolution of a peraluminous granitic pluton Zr and Hf contents progressively decrease while their ratio remains the same (Dostal and Chatterjee, 2000) . The decrease of Zr and Hf contents is related to crystallization of zircon, which contains the bulk of these two elements in the rocks, and the constancy of the Zr/Hf ratio can be attributed to the similar D Zr and D Hf between zircon and granitic magma.
Disordered complete solid solution between zircon (ZrSiO 4 ) and hafnon (HfSiO 4 )
If D Zr ≈ D Hf between zircon and granitic magma, this implies that Zr and Hf have similar ability to occupy the Zr-sites within zircon structure, and, the similar ionic radii of Zr +4 and Hf +4 allows a disordered complete solid solution between zircon (ZrSiO 4 ) and hafnon (HfSiO 4 ).
This type of isomorphous substitution suggests that the Hf contents of zircon depend basically on the abundance of Hf in the host magma. In fact, such a correlation apparently exists between the Hf contents of zircon and the rock type in which they formed (Butler and Thompson, 1965; Owen, 1987; Belousova et al., 2002) . Hf should be relatively abundant at the onset of crystallization of zircon; this would explain why the Hf contents in zircon from the granitic rocks are always above 0.55 wt% HfO 2 in our data (Fig. 1) , and the Zr/Hf of zircon from granitic rocks rarely exceeds 60 (Fig. 2) . More specifically, this type of unlimited isomorphous substitution for Hf in zircon should result in the Zr/Hf of zircon being completely dependent on that of the melt (Kosterin et al., 1958; Butler and Thompson, 1965; Owen, 1987) .
Zircon as the most important carrier of Zr and Hf in the granitic rocks
The mean Zr and Hf abundances in rhyolites (i.e., 185 ppm Zr and 5 ppm Hf, see Ewart et al. (1968) and Zielinski et al. (1977) ) could produce about 0.038 wt% of zircon in granitic rocks if all Zr and Hf reside in zircon. This value is consistent with the common zircon contents of granitic rocks, which range between 0.027 and 0.078 wt% as shown by the compilation of Hall and Eckelmann (1961) . This is an indirect confirmation that zircon may be considered as the only significant carrier of Zr and Hf in most granitic rocks (Degenhardt, 1957; Bau, 1996) .
Using the modal HfO 2 content of 1.43 wt% (1.21 wt% Hf) and the modal Zr/Hf of 38.5 in granitic zircon we can obtain a modal ZrO 2 content of 62.93 wt% (46.59 wt% Zr) in granitic zircon. This allows a rough estimate of the zircon/melt partition coefficients of Zr and Hf in the granitic rocks: D Zr ≈ 2520 and D Hf ≈ 2420. These are likely to be minimum values, because the whole-rock analyses include the Zr and Hf resident in zircon. These values are 3-4 orders of magnitude larger than D Zr and D Hf between rock-forming minerals (e.g., garnet, pyroxene, amphibole, magnetite, titanite, etc.) and the silicate melt (cf., Linnen and Keppler, 2002) . The large zircon-melt D Zr and D Hf would necessarily result in a significant depletion of Zr and Hf from the granitic magma during the crystallization of zircon, even though zircon is an accessory mineral in the granitic rocks.
It is very surprising that few data on the zircon-melt D Hf have been reported up to now. The earliest work was done by Mahood and Hildreth (1983) , who proposed D Hf values between 2645 and 3742 in rhyolitic rocks. The wide range in values could be ascribed to the existence of chemical heterogeneity within zircon grains, as is commonly shown by several types of zoning (continuous zoning, oscillatory zoning, sector zoning, etc., see Wang et al., 2002; Rubatto, 2002; Belousova et al., 2002) in zircon. Recently, Linnen and Keppler (2002) have suggested that the zircon-melt D Hf ranges from 10 for strongly peralkaline compositions to 300 for peraluminous composition, on the basis of zircon and hafnon solubility in water-saturated granitic melts. The data presented here suggest that such very low and very high values are unlikely to be relevant to zircon crystallizing from granitic magmas.
FRACTIONATION OF Zr/Hf IN GRANITIC ZIRCON
If D Zr ≈ D Hf between zircon and granitic magma in the course of zircon crystallization, no significant change should occur in the Zr/Hf of the residual magma, and the Zr/Hf of zircon should be close to that in the primary magma. However, the data plotted here show that the Zr/ Hf of granitic zircon ranges from 104.5 to 4.9 with HfO 2 contents ranging from 0.55 to 9.91 wt% respectively. Such a large range in Zr/Hf could reflect two mechanisms: 1) The granitic magmas may have a large variation in the Zr/Hf, but this is contrary to the relatively small range seen in granitoid rocks, and the difficulty of modifying Zr/Hf by fractional crystallization; 2) A change in crystallization environment may produce a relative change in D Zr and D Hf between zircon and granitic magma. Under relatively low-temperature conditions, the crystal structure contracts, which increases the ability of the smaller Hf ion to enter the structure, i.e., decreasing the temperature increases D Hf between zircon and granitic magma. In this case the Zr/Hf of zircon is not a simple function of the Hf abundance in the magma, as concluded by Owen (1987) .
There are generally two types of magmatic zircon in granitic rocks. One is colorless, with high transparency and birefringence, small and variable typological indices (I pr , I py and I el ), nearly homogeneous internal structure and low U and Th contents; this type commonly is included within the early-forming minerals such as biotite and phenocrysts of plagioclase. The second type is characterized by brownish color, poor transparency and low birefringence due to metamictization, large and similar typological indices (I pr , I py and I el ), oscillatory zoning and high U and Th contents; this type commonly is included within the late forming-minerals such as K-feldspar and quartz (Speer, 1982; Broska et al., 1990; Vavra, 1994; Poitrasson et al., 1998; Pupin, 2000; Rubatto, 2002; Wang et al., 2007) . Both types commonly occur together in granitic rocks in the form of single grains (Krasnobayev, 1980; Wang et al., 2007) or core-rim overgrowths (Krasnobayev, 1980; Speer, 1982; Hansmann et al., 1983; Broska et al., 1990; Paterson et al., 1992; Halden et al., 1993; Benisek and Finger, 1993; Vavra, 1994; Poitrasson et al., 1998; Nasdala et al., 1999; Charlier and Zellmer, 2000; Wang et al., 2007) . The core-rim structure is clearly observed by backscattered electron or cathodoluminescence images (Fig. 3) . According to their external typology, internal structure, chemical composition and paragenesis with other rock-forming minerals, the first type of zircon is suggested to have formed in deep magma chambers at relatively high and constant temperature (Alexandrov et al., 2000; Wang et al., 2007) . The second type of zircon is suggested to have crystallized at the site of emplacement, involving undercooling of the magma (Speer, 1982; Wang et al., 2007) . Consequently, the two types of zircon could be regarded as the early zircon and the late zircon, respectively (Krasnobayev, 1980; Scharer et al., 1994; Vavra, 1994; Pupin, 2000; Wang et al., 2007) .
Our statistical analysis shows that, on one hand, the HfO 2 contents of the early zircon from the granitic rocks show a relatively small range with a mode of 1.35 HfO 2 wt% (Fig. 4) , consistent with their crystallization at relatively high and constant temperature. The modal Zr/Hf of 39 for the early zircon (Fig. 5) is identical to the mean Zr/Hf of 327 samples of granitic rocks (Erlank et al., 1978) . This indicates that the early zircon was formed nearly in equilibrium with melts where D Zr ≈ D Hf between zircon and granitic magma, and its fractional crystallization does not result in significant change in the Zr/Hf of the residual magma. However, the late zircon may have much higher Hf contents (modal value = 1.85 HfO 2 wt%, Fig. 4) , and low Zr/Hf (modal Zr/Hf = 29, Fig. 5 ). We suggest that these features can be explained by the crystallization of the late zircon at relatively low temperature after the emplacement of the granitic magma. Hf contents tend to increase rimward in the late zircon from granitic rocks (Wang, 1989; Halden et al., 1993; Benisek and Finger, 1993; Caironi et al., 2000) , which is consistent with decreasing temperature in the course of magma consolidation at the site of emplacement. In contrast, the rimward increase in Hf contents seems paradoxical, in light of the
Fig. 3. Backscattered electron images of four granitic zircon grains composed of the early zircon (EZ) and the late zircon (LZ) with electron-microprobe analysis points of HfO 2 contents (wt%). (a) from the Pingtan granite (China); (b) from the Yajiangqiao granite (China); (c) from the Putu granite (China); (d) from the Zhangzhou granite (China). For explanation see text.
previous observation that zircon is the only phase causing the decrease of Zr/Hf in the residual melt (Bea et al., 2006) . The proportional increase in the Hf contents of the early zircon is smaller than that of the late zircon. For example, in the Argentera granite, the early zircon has HfO 2 contents ranging from 1.03 to 1.37 wt% whereas the late zircon has HfO 2 contents ranging from 1.33 to 3.19 wt% (Wang, 1989) . The difference in the porportional and absolute rises in Hf contents between the two stages of zircon could be related, to large extent, to the change in the temperature in the course of the crystallization. In addition, the large variation of HfO 2 contents within the late zircon from the Argentera granite is difficult to relate only to decreasing Zr/Hf in the residual magma, because the Zr content of the magma after the crystallization the early zircon was so low that it formed only thin overgrowth rims on the early zircon. The small quantity of the late zircon should be insufficient to cause the significant increase in the abundance of Hf relative to Zr, if the Zr and Hf partition coefficients remained constant with decreasing temperature.
EXTREMELY LOW Zr/Hf RATIO IN PEGMATITIC ZIRCON
Hf is known to be enriched with respect to Zr in the zircon of granitic pegmatites, especially in the late stages of pegmatite crystallization (Owen, 1987; Uher and Cerny, 1998) . Zirconian hafnon and true hafnon have been identified only in granitic pegmatites (Finch and Hanchar, 2003) . This type of fractionation of Hf from Zr has been linked with the lower mobility of Hf (Gerasimovskiy et al., 1972; Smith et al., 1987) . However, these authors have not provided any evidence that Hf itself is enriched in the granitic pegmatites. The fact that the granitic pegmatites have generally formed at a lower temperatures than the granites (London, 1992) , suggests that temperature plays a larger role in producing the enrichment of Hf in the pegmatitic zircon. In the Beauvoir granite (France), granitic zircon is characterized by high U contents (4.45-7.63 wt% UO 2 ) and Hf contents (2.5-3.6 wt% HfO 2 ) whereas pegmatitic zircon has lower U contents (0.00- Gbelsky (1979) ; granitic zircon (᭺) and pegmatitic zircon (᭹) from Cerny et al. (1985) ; granitic zircon (᭝) and pegmatitic zircon (᭡) from Wang et al. (1992) . 1.67 wt% UO 2 ) and extremely high Hf contents (2.4-18.8 wt% HfO 2 ) (Wang et al., 1990 (Wang et al., , 1992 . In reality, the lower U contents of the pegmatitic zircon cannot be explained by decreasing the U abundance in the pegmatitic melt/ fluid, where the pegmatitic zircon coexists with uraninite, pyrochlore and microlite (Wang et al., 1990 ), but by decreasing the temperature in the course of the formation of pegmatite; this makes U, with its larger ionic radius, less likely to enter the zircon structure.
On the basis of published data (Gbelsky, 1979; Cerny et al., 1985; Wang et al., 1992) , the pegmatitic zircon is characterized by more than 2.4 wt% HfO 2 and Zr/Hf ≤ 20.2 (Fig. 6 ). Our data from late zircons span a large range from granitic zircon to pegmatitic zircon (Fig. 6) , of which some late zircons with unusually high Hf contents (up to 9.91 wt% HfO 2 , see Fig. 1 ) may be regarded as the products of pegmatitic conditions, probably crystallized at the transitional stage between the granitic melt and the pegmatitic fluid. Therefore, this type of zircon, formed in the residual magma, has been described as hydrothermal zircon (Dickinson and Hess, 1982; Rubin et al., 1989) .
The Hf contents of pegmatitic zircons reach commonly to 20-30 wt% HfO 2 (Levinson and Borup, 1960; von Knorring and Hornung, 1961; Cassedanne et al., 1985; Wang et al., 1990; Uher and Cerny, 1998) , corresponding to Zr/Hf ≈ 1-2. However, the average Zr/Hf in 107 whole-rock analyses of pegmatites is about 25 (Erlank et al., 1978) . Therefore the extremely low Zr/Hf in the pegmatitic zircons cannot be explained simply by Hf enrichment in the pegmatites. Instead, the data seem to require a change in the zircon/melt partition coefficient for Hf with decreasing temperature, or with changes in melt composition, as the pegmatitic melts become dominated by hydrous components. CONCLUSIONS 1) Granitic zircon has a modal HfO 2 content of 1.43 wt% and a modal Zr/Hf of 38.5. This results in D Zr ≈ D Hf between zircon and granitic magma due to the similar Zr/ Hf for the mean granitic rock and its zircon.
2) Hf occurs in granitic zircon as a disordered complete solid solution. The D Zr and D Hf in granitic rocks are estimated at about 2520 and 2420, respectively; this indicates that zircon is the most important carrier of Zr and Hf in the granitic rocks, and its crystallization would cause depletion of the melt in Zr and Hf, but no significant fractionation of Zr from Hf.
3) On the basis of the geochemical behaviour of Hf, granitic zircon can be divided into three types (early zircon, late zircon and hydrothermal zircon). Early zircon from granitic rocks has a small range of the Hf contents with a modal Zr/Hf of 39, consistent with it forming at relatively high and constant temperature. The late zircon (and especially the hydrothermal zircon) from granitic rocks is characterized by much higher Hf contents and lower Zr/Hf, which could be explained by lower crystallization temperature, which increases the D Hf between zircon and granitic magma.
4) This study shows that the behavior of Hf in granitic zircon may be used as a geochemical tracer to determine the origins and crystallization environments of the host magma. Distinguishing zircons with extremely low Zr/Hf from granitic zircons suggests the potential of such samples for detailed studies on the petrogenesis, geochronology and metallogenesis of the granitic rocks during the hydrothermal stage of their development.
